
Introduc)on*
*
It# has# long# been# proposed# that# the# kine2c# energy# in# stellar# convec2ve# envelopes# is#
transferred#throughout#stellar#atmosphere#via#the#magne2c#field#[1].#A#number#of#popular#
theories#assume# that# the#horizontal# components#of# the#mo2on#of# convec2ve#granula2on,#
observed# at# the# solar# photospheric# surface,# excite# incompressible# MHD# transversal#
(Alfvénic)# waves# in# magne2c# flux# concentra2ons# [2].# These# incompressible# mo2ons# can#
either#be#perpendicular#to#the#constant#magne2c#surfaces#(i.e.#kink#modes)#or#perpendicular#
to#the#field#lines#within#these#surfaces#(i.e.#torsional#Alfvén#modes)#[3].##
# # # More# recently,# advanced# analy2cal# and# numerical# models# have# used# velocity# power#
spectra#es2mated#from#observa2ons#of#the#solar#granula2on#[3M5]#as#their# input#spectrum#
for#genera2ng# incompressible#waves# in#stellar#atmospheres.#These#models#have#had#some#
success# in#genera2ng#the#necessary#nonMthermal#energy#needed#for#plasma#hea2ng# in# the#
atmospheric# layers# and# providing# the# necessary# energy# flux# for# accelera2ng# solar# winds.#
However,# it#was#not#clear#whether#the#velocity#power#spectra#derived#from#the#horizontal#
mo2ons#were#the#physically#appropriate#input#for#the#models.#In#addi2on,#MHD#kink#wave#
energy# es2mates# from# observa2ons# hint# that# the# chromospheric# fine# structure# [6,# 7]#
exhibits#much#more# energe2c#mo2on# than# the# coronal# fine# structure# [8,# 9].#However,# no#
aSempt#has#yet#been#made#to#demonstrate#the#transport#of#kink#wave#energy#between#the#
different#atmospheric# layers,#which# is#essen2al# for#dis2nguishing#between#various#hea2ng#
models.##
# # # # #Here,#we#provide#a#missing#link#in#this#problem#by#determining#chromospheric#velocity#
power# spectra# from# observa2ons.# This# allows# for# the# comparison# of# the# chromospheric#
power# spectra# to#other#velocity#power# spectra#derived#at#different#al2tudes,#which# reveal#
the#first#observa2onal#details#of#kink#energy#transport#through#the#solar#atmosphere.#

Observa)ons*
*
The#hydrogen#alpha#(Hα)#spectral#line#has#proved#invaluable#for#explora2on#of#the#magne2cally##
dominated#chromosphere#[10],#in#par2cular#for#incompressible#wave#studies.#Here#we#use#two##
Hα#datasets#taken#with#Rapid#Oscilla2ons#in#the#Solar#Atmosphere#(ROSA#–#[11])#at#the#Dunn##
Solar#Telescope#at#Sacramento#Peak,#USA.#Both#datasets#are#posi2oned#rela2vely#close#to#disk#
centre,#which#implies#the#lineMofMsight#(LOS)#is#almost#ver2cally#down#into#the#solar#atmosphere.#
#
The#datasets#were#obtained#at#15:24M16:35#UT#on#22#August#2008#(D1)#and#15:41M16:51#UT#on#29##
September#2010#(D2).#Both#datasets#were#taken#with#a#spa2al#sampling#of#0''.069#/pixel.#ROSA##
obtained#images#in#mul2ple#wavelengths#including#GMband#(4305.5#Å)#with#a#9#Å#width#and#Hα##
core#(6562.8#Å)#narrowband#(0.25#Å)#filters.#The#postMreconstruc2on#cadence#of#the#GMband,#Hα##
2meMseries#are#12.8#s,#6.4#s#for#D1#and#0.96#s,#7.7#s#for#D2.##
#
D1#focuses#on#a#region#of#rela2vely#strong#magne2c#ac2vity,#with#the#GMband#images#of#the##
photosphere#(Figure#1)#revealing#underlying#magne2c#bright#points#and#dark#magne2c#pores.#In##
contrast,#the#GMband#for#the#second#dataset#(D2)#reveals#only#magne2c#bright#points,#sugges2ng##
the#total#magne2c#flux#underlying#the#D2#Hα#region#is#significantly#less#than#in#D1.#The#affect#of##
the#differing#magne2c#fluxes#is#reflected#in#the#chromospheric#features#detected#in#Hα.#
#
We#also#make#use#of#results#obtained#from#different#instruments.#The#photospheric#velocity#power#
spectrum#was#obtained#using#the#Hinode#Solar#Op2cal#Telescope#(SOT)#GMband#channel#and#further##
details#are#given#in#[4].#The#data#were#obtained#on#the#18#March#2007.#The#other#photospheric#power##
spectra#were#obtained#using#the#Swedish#Solar#Telescope#and#further#details#are#given#in#[12].#The#data#were#obtained#on#the#18#June#2006.#The#coronal#velocity#power#
spectrum#was#obtained#using#the#Coronal#Mul2Mchannel#Polarimeter#(CoMP)#and#details#are#given#in#[13].#The#data#were#obtained#on#the#30#October#2005.*

Measured*wave*proper)es*
*
On#analysing#the#Hα#movies#of#these#two#regions,#the#dynamic#behaviour#of#the#chromospheric#fine#structure#is#evident.#Our#
interest#is#directed#towards#the#axial#transverse#displacement#of#the#chromospheric#fibrils,#which#is#the#unique#signature#of#
MHD#kink#wave#mo2on.#The#transverse#fibril#displacements#are#iden2fied#and#measured#using#a#semiMautomated#tracking#
mechanism# [14].# In# D1# and# D2,# a# total# of# 744# and# 841# sinusoidal# transverse# displacements# are#measured,# respec2vely.#
Histograms#of#the#periods,#transverse#amplitudes#and#velocity#amplitudes#are#given#in#Figure#2.#The#previous#observa2ons#in#
fibrils#[7,#14],#offMlimb#spicules#[6,#15]#and#other#smallMscale#chromospheric#features#[16]#are#found#to#be#consistent#with#the#
results#obtained#here.#
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Evidence*for*photospheric*excita)on#
*
Now,# the# velocity# power# (v2/f)# is# determined# and# the# data# points# from# the# generated# PDFs# are# ploSed# in# Figure# 4.# In#
addi2on,# the# photospheric# velocity# power# spectra,# measured# from# two# different# characteris2c# sets# [4,# 12]# of# quiescent#
photospheric#data,#are#overMploSed.#The#photospheric#results#are#scaled#up#by#factors#of#15M70#for#beSer#visualisa2on,#due#
to#the#smaller#velocity#amplitudes#in#the#photosphere.#The#increase#in#amplitude#from#the#photosphere#to#chromosphere#is#
expected#because#of#the#increase#in#Alfvén#velocity#with#height.#
#
###The#gradient#of#the#chromospheric#power#spectrum#for#D1#is#rela2vely#flat#and#does#not#appear#to#show#a#correla2on#with#
the#photospheric#power#spectra.#The#lack#of#similarity#could#suggest#that#photospheric#mo2ons#are#not#responsible#for#the#
driving#of#the#waves#in#the#ac2ve#regions.#Conversely,#the#photospheric#velocity#power#spectra#are#derived#for#quiescent#Sun#
regions.#Photospheric#flow#measurements#[17]#show#that#flows#are#suppressed#as#the#magne2c#ac2vity#increases;#hence,#the#
photospheric#mo2ons#in#ac2ve#regions#may#produce#waves#with#an#alternate#power#spectra.#
##
####In#contrast#to#the#results#for#D1,#a#very#good#agreement#exists#between#the#gradients#of#the#quiescent#chromospheric#(D2)#
and#photospheric#velocity#power#spectra#for#waves#with#f<0.01.#The#correla2on#indicates#that#the#horizontal#photospheric#
mo2ons# could# be# responsible# for# genera2ng# the# chromospheric# dynamics# (power# spectra# for# transverse# waves# in#
prominences#also#displays#a#similar#correla2on#with#horizontal#photospheric#mo2ons#[18]).#For#the#higher#frequency#waves,#
f>0.01,#the#chromospheric#power#spectra#suggests#there#enhanced#power#over#the#photospheric#spectra.#
#
# # Further# work# is# required# to# establish# a# direct# cause# and# effect# rela2onship# between# the# horizontal# mo2ons# and# the#
transverse#waves#observed#higher#in#the#solar#atmosphere,#e.g.,#via#the#inclusion#of#phase#spectra.##
*
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#

Figure*1.#The#solar#atmosphere#observed#by#ROSA.#(a)#The#chromosphere#in#a#magne2cally#ac2ve#
region#as#seen#with#an#Hα#filter.#The#image#displays#a#45#Mm#by#45#Mm#subMregion#for#D1.#(b)#Hα#

image#of#the#quiescent#chromosphere,#showing#a#34#Mm#by#31#Mm#subMregion#for#D2.##
(c)#Corresponding#GMband#image#for#D1.#(d)#The#corresponding#GMband#image#for#D2.#*
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Frequency*dependence*
*
Figure# 3# shows#how# the#measured# transverse# displacement# and# velocity# amplitude# vary# as# func2on#of# period.# To# provide# a# fit# to# the#
generated# data# points,#we# bin# the# data# in# the# frequency# domain# and# for# each# frequency# bin#we# take# the# log# of# the# data# and# plot# a#
probability#density#func2on#(PDF).#A#Gaussian#is#fit#to#each#PDF#and#the#centroid#gives#the#median#log#value#while#the#width#provides#the#
standard#devia2on.#The#data#points#generated#from#the#PDFs#are#then#fiSed#with#a#power#law#of#the#form#10aPb#(where#P#is#the#period#of#
the# wave)# and# is# weighted# by# the# standard# devia2on# of# each# PDF# divided# by# the# square# root# of# the# number# of# elements# in# each#
distribu2on,#i.e.,#the#standard#error.##
#*
*
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Evidence*for*damping*in*the*low*corona#
*
Let#us#now#compare#the#chromospheric#power#spectrum#to#those#derived#for#the#corona.#Figure#5a#shows#the#velocity#power#measured#
with#CoMP#for#a#coronal#loop#arcade#structure#in#a#quiescent#Sun#region#divided#by#the#fiSed#power#law#for#the#chromospheric#velocity#
power# from# region#D2.# The# velocity# power# of# the# CoMP#data# is,# however,# averaged# over# a# distance# of# 250#Mm#along# a# coronal# loop#
system,#where#frequencyMdependent#wave#damping#has#occurred#[13,#19].#The#input#power#spectra#at#the#base#of#the#CoMP#loop#system#
(at# a# height# of# 20#Mm)# is# determined#by# exploi2ng# the#measured#damping# rates# [19,# 20]# and# also# compared#with# the# chromospheric#
spectrum.#A#frequency#dependent#trend# is#clear#and#shows#an#order#of#magnitude#decrease# in#velocity#power#for#the#higher#frequency#
waves#(f~10#mHz)#rela2ve#to#the#lower#frequency#waves#(f~2#mHz).##
#In#Figure#5b#and#c,#the#ra2os#of#velocity#amplitudes,#the#integrated#total#energy#and#integrated#Poyn2ng#flux#between#the#corona#and#the#
chromosphere#are#also#shown.#These#findings#come#with#the#following#caveat:#the#spa2al#sampling#(≈4.5#Mm)#of#CoMP#means#it#may#not#
resolve#the#coronal#fine#structure#adequately.#It#has#been#demonstrated#the#effect#of#LOS#integra2on#on#mul2ple#unresolved#loops#leads#
to#an#underes2mate#of#kink#wave#velocity#amplitude#[21].##
#
The#observed#frequencyMdependent#trends#of#the#quan22es#in#Figure#5#can#be#explained#by#frequencyMdependent#damping.#In#the#case#of#
propaga2ng#waves#the#quality#factor#is#LD/λ,#where#LD#is#the#damping#length#and#λ#is#the#wavelength.#Assuming#that#frequencyMdependent#
damping# also# occurs# in# the# interface# region# between# ROSA# and# CoMP# observa2ons,# we# can# es2mate# the# interface# region# damping.#
Wri2ng#LD=α/f,#we#find#αIR~0.1#provides#a#reasonable#approxima2on#of#the#change#in#gradient#between#ROSA#and#CoMP#velocity#power#
spectra.# From# the# analysis# of# the#damping#of# propaga2ng# coronal# kink#waves#αcorona# ~1.6# [19].# It# follows# that# the#quality# factor# in# the#
interface#region# is#about#6#%#of# the#es2mated#coronal#damping# length.#Hence,# the#observed#trend# implies# that# there# is#much#stronger#
frequencyMdependent#kink#wave#damping#in#the#Transi2on#Region#and#lower#corona.#*

Conclusions#
*
The# results# presented# here# show# that# the# measurement# of# velocity# power# spectra# provides# a# powerful# and# prac2cal#
mechanism# for#analysing#MHD#kink#wave#propaga2on# through# the#magne2sed# solar#atmosphere.#Comparing# the#velocity#
power#spectra#obtained#at#different#al2tudes#of#the#atmosphere#allows#for#the#possible#signatures#of#kink#wave#driving#and#
damping#to#be#observed#(as#summarised#by#Figure#6).#The#picture# implied#by#the#observa2ons#presented#here#suggests#a#
qualita2ve# agreement#with# theore2cal# expecta2ons# for#wave# propaga2on# through# the# quiescent# solar# [3],# i.e.,#magne2c#
waves#are#driven#by#the#horizontal#mo2ons#that#propagate#into#the#upper#solar#atmosphere,#with#the#flow#of#wave#energy#
hindered#by#the#strong#gradients#present#in#the#transi2on#region.#The#in2ma2on#of#enhanced#and#frequencyMdependent#kink#
wave#damping#between#the#chromosphere#and#corona#has#poten2ally#important#implica2ons#for#numerous#coronalMhea2ng#
models,#which#demonstrate#that#incompressible#wave#energy#is#more#efficiently#converted#to#heat#at#higher#frequencies.##
#
These#observa2onal#results#do#not#tell#the#complete#picture#though#and#they#raise#a#number#of#key#ques2ons#that#need#to#
be#answered,#e.g.,#what#is#the#fate#of#the#highMfrequency#wave#energy#observed#in#the#chromosphere?;#What#mechanism(s)#
has#led#to#their#decrease#in#power#before#they#reach#the#corona?#One#possible#explana2on#of#coronal#kink#wave#damping#is#
through# mode# conversion# to# m=1# torsional# Alfvén# waves# at# resonant# magne2c# surfaces# naturally# present# across#
inhomogeneous# solar#atmospheric#waveguides.# Such#a#process# could#also#explain# the# stronger#kink#wave#damping# in# the#
interface#layer#(the#15M20#Mm#region#linking#between#ROSA#and#CoMP#observa2ons).#In#the#lower#atmosphere#(at#heights#of#
less#than#10#Mm)#it#has#recently#been#shown#that#torsional#Alfvén#and#kink#waves#are#concurrent#in#spicules#[22],#providing#
evidence# that# mode# coupling# is# poten2ally# already# happening# at# subMinterface# region# heights.# To# fully# understand# the#
interac2on# and# evolu2on# of# these# coupled# incompressible# MHD# wave# modes# in# the# interface# layer# between# the#
chromosphere#and#corona,#upcoming#missions#such#as#the#Interface#Region#Imaging#Spectrometer#will#be#crucial.#
#
*
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Figure*2.#Histograms#of#measured#wave#proper2es#from#data#sets#D1#(red)#and#D2#(black).*

Figure*3.#ScaSer#plots##of#measured#wave#proper2es#from#data#sets#D2#(ley)#and#D1#(middle).#The#red#lines#are#the#power#law#fits#to#the#PDF#generated#data#points.#The#two#right#hand#panels#
show#the#PDF#generated#data#points#for#D1#(diamonds)#and#D2#(crosses).#The#standard#error#on#each#point#is#shown#by#the#error#bars.#Solid#lines#are#the#power#law#fits.#*
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Figure*4.#Comparing#the#power#spectra#of#
the# photosphere# and# chromosphere.# (a)#
The# figure# displays# the# median# velocity#
power#in#the#chromosphere#as#a#func2on#
of# frequency# for# the#magne2cally# ac2ve#
region#D1.#The#velocity#power#data#points#
are# calculated# from# frequency# binned#
PDFs#and#the#ver2cal#error#bars#show#the#
standard#devia2on#of# the#velocity#power#
in# the# bins.# OverMploSed# are# the#
photospheric# velocity# power# spectra# of#
horizontal#mo2ons;#[4]#red#dash#dot,#and#
[12]# green# solid# and# blue# dash.# The#
photospheric# data# has# been# scaled# by# a#
constant#factor#for#comparison.#(b)#Same#
as# (a)# but# for# the# quiescent# Sun# region#
D2.#It#is#apparent#that#the#gradient#of#the#
chromospheric#profile#from#the#quiescent#
Sun# (D2)# agrees# with# that# from#
photospheric#power#spectra.*

Figure*5.#Transmission#profiles#from#the#chromosphere#to#the#corona.#(a)#The#ra2o#
of#velocity#power.#(b)#The#ra2o#of#velocity#amplitudes.#The#solid#lines#are#spa2ally#
averaged#CoMP#measurements.#The#dashed#lines#are#es2mated#input#power/

velocity#in#the#corona#at#a#height#of#20#Mm.#(c)#The#ra2o#of#integrated#total#wave#
energy#(solid#lines)#and#the#ra2o#of#integrated#Poyn2ng#flux#(dashed#lines).#The#two#
lines#for#each#quan2ty#correspond#to#the#maximum#and#minimum#ra2os#possible,#

reflec2ng#the#uncertainty#in#known#values#of#plasma#parameters.*

Figure*6.#The#transport#of#energy#through#the#quiescent#solar#atmosphere.#A#cartoon#depic2ng#the#transport#of#kink#
MHD#wave#energy#through#the#solar#atmosphere#as#implied#by#observa2onal#results.#The#kink#MHD#waves#are#
assumed#generated#by#the#horizontal#granular#mo2ons,#which#imparts#a#par2cular#power#spectra#on#the#waves.#
Kink#MHD#waves#observed#in#the#quiescent#chromosphere#demonstrate#a#similar#power#spectrum#sugges2ng#the#
granular#mo2ons#have#indeed#excited#them.#The#waves#then#enter#a#region#that#is#difficult#to#observe#with#to#

current#solar#instrumenta2on.#We#refer#to#this#as#the#interface#region#and#it#consists#of#the#Transi2on#Region#and#
low#Corona.#On#reaching#the#upper#Corona,#CoMP#measurements#reveal#that#there#has#been#a#significant#loss#of#
higher#frequency#wave#energy#between#the#chromosphere#and#Corona.#It#could#well#be#that#the#energy#has##

been#dissipated#and#is#hea2ng#the#solar#atmosphere.*


